To minimize treatment toxicities, recent anti-cancer research efforts have switched from broad-based chemotherapy to targeted therapy, and emerging data show that altered cellular metabolism in cancerous cells can be exploited as new venues for targeted intervention. In this study, we focused on, among the altered metabolic processes in cancerous cells, altered glycosylation due to its documented roles in cancer tumorigenesis, metastasis and drug resistance. We hypothesize that the enzymes required for the biosynthesis of UDP-hexoses, glycosyl donors for glycan synthesis, could serve as therapeutic targets for cancers. Through structure-based virtual screening and kinetic assay, we identified a drug-like chemical fragment, GAL-012, that inhibit a small family of UDP-hexose pyrophosphorylases-galactose pyro-phosphorylase (GALT), UDP-glucose pyrophosphorylase (UGP2) and UDP-N-acetylglucosamine pyrophosphorylase (AGX1/UAP1) with an IC 50 of 30 µM. The computational docking studies supported the interaction of GAL-012 to the binding sites of GALT at Trp190 and Ser192, UGP2 at Gly116 and Lys127, and AGX1/UAP1 at Asn327 and Lys407, respectively. One of GAL-012 derivatives GAL-012-2 also demonstrated the inhibitory activity against GALT and UGP2. Moreover, we showed that GAL-012 suppressed the growth of PC3 cells in a dose-dependent manner with an EC 50 of 75 µM with no effects on normal skin fibroblasts at 200 µM. Western blot analysis revealed reduced expression of pAKT (Ser473), pAKT (Thr308) by 77% and 72%, respectively in the treated cells. siRNA experiments against the respective genes encoding the pyrophosphorylases were also performed and the results further validated the proposed roles in cancer growth inhibition. Finally, synergistic relationships between GAL-012 and tunicamycin, as well as bortezomib (BTZ) in killing cultured cancer cells were observed, respectively. With its unique scaffold and relatively small size, GAL-012 serves as a promising early chemotype for optimization to become a safe, effective, multi-target anti-cancer drug candidate which could be used alone or in combination with known therapeutics.
. Roles of UDP-hexose pyrophosphorylases in glycan biosynthesis. Schematic representation of the roles played by the three known UDP-hexose pyrophosphorylases in the glucose (Glc) metabolic and the hexosamine biosynthetic pathways. (GALK1: galactokinase, GALT: galactose-1 phosphate-uridylyltransferase, UGP2: UDP-glucose pyrophosphorylase, UGDH: UDP-glucose 6dehydrogenase, GALE: UDP-glucose-4-epimerase, AGX1/UAP1: UDP-N-acetylglucosamine pyrophosphorylase).
Results

Fragment-Based Screening for GALT Inhibitors
We used the recently described X-ray structure of human GALT [21] to conduct a fragmentbased screening within our collection of 0.5 million diverse set of screening library (from 39 vendors) to identify potential GALT interacting fragments. Forty three fragments were identified, scored, ranked, and analyzed based on their association potentials with the active site within GALT. Figure  2A illustrated an exemplary hit compound GAL-012 docking into GALT. 
Results
Fragment-Based Screening for GALT Inhibitors
We used the recently described X-ray structure of human GALT [21] to conduct a fragment-based screening within our collection of 0.5 million diverse set of screening library (from 39 vendors) to identify potential GALT interacting fragments. Forty three fragments were identified, scored, ranked, and analyzed based on their association potentials with the active site within GALT. Figure 2A illustrated an exemplary hit compound GAL-012 docking into GALT. 
Results
Fragment-Based Screening for GALT Inhibitors
Fragment GAL-012 Is a Competitive Inhibitor of Recombinant GALT
15 best scored fragments were dissolved in 100% DMSO to make 100 mM stocks, and 25 µM of each fragment was incubated with purified recombinant GALT for 5 min at room temperature and then added into the GALT enzymatic assay reaction mixture to initiate the reaction. GAL-012, whose 
15 best scored fragments were dissolved in 100% DMSO to make 100 mM stocks, and 25 µM of each fragment was incubated with purified recombinant GALT for 5 min at room temperature and then added into the GALT enzymatic assay reaction mixture to initiate the reaction. GAL-012, whose structure was illustrated in Figure 2B , was the only one that significantly reduced the enzymatic activity to 63.2% when 25 µM GAL-012 was applied ( Supplementary Table S4 , Table 1 ). Table 1 . Inhibitory Activity of GAL-012 series to GALT, UGP2 and AGX1/UAP1.
Compound
Structure Enzyme Inhibitory Activity GALT UGP2 AGX1/UAP1
GAL-012
Molecules 2020, 25, x FOR PEER REVIEW 5 of 23 structure was illustrated in Figure 2B , was the only one that significantly reduced the enzymatic activity to 63.2% when 25 µM GAL-012 was applied ( Supplementary Table S4 , Table 1 ). Given the inhibitory action of GAL-012 on GALT, we then examined its competitive effects on the substrates of GALT: UDP-Glc and Gal-1P. Analysis of initial velocity changes at varying concentrations (12.5 µM, 25 µM and 50 µM) of GAL-012 were performed. The concentrations of each of the two GALT substrates were held constant: 0.13 mM and 0.35 mM for UDP-Glc and Gal-1P, respectively. As shown in Figure 2C , GAL-012 inhibits GALT enzymatic activity by competitive to UDP-Glc, but not Gal-1P (data not shown), with a Ki around 30 µM. Table 1 . Inhibitory Activity of GAL-012 series to GALT, UGP2 and AGX1/UAP1.
Compound
Structure Enzyme Inhibitory Activity GALT UGP2 AGX1/UAP1 structure was illustrated in Figure 2B , was the only one that significantly reduced the enzymatic activity to 63.2% when 25 µM GAL-012 was applied ( Supplementary Table S4 , Table 1 ). Given the inhibitory action of GAL-012 on GALT, we then examined its competitive effects on the substrates of GALT: UDP-Glc and Gal-1P. Analysis of initial velocity changes at varying concentrations (12.5 µM, 25 µM and 50 µM) of GAL-012 were performed. The concentrations of each of the two GALT substrates were held constant: 0.13 mM and 0.35 mM for UDP-Glc and Gal-1P, respectively. As shown in Figure 2C , GAL-012 inhibits GALT enzymatic activity by competitive to UDP-Glc, but not Gal-1P (data not shown), with a Ki around 30 µM. 
Fragment GAL-012 Is a Novel Inhibitor of Multi-UDP-hexose Pyrophosphorylases
The above data raised the possibility that GAL-012 may target other UDP-Glc binding enzymes as well. To assess this possibility, we have prepared four other recombinant enzymes (UGP2, AGX1/UAP1, UGDH, and GALE) that recognize UDP-Glc/UDP-GlcNAc as substrates ( Figure 2D ) and test for their enzymatic activities in the presence and absence of three concentrations (12.5 µM, 25 µM and 50 µM) of fragment GAL-012. As shown in Table 1 and Supplementary Table S4 , GAL-012 exposure resulted in reduced enzymatic activity for both UGP2 (58.46%) and AGX1/UAP1 (56.45%), and further studies on UGP2 inhibition assay revealed that GAL-012 also acted as an UDP-Glc competitive inhibitor for UGP2 (data not shown). Meanwhile, no inhibition was observed on GALE or UGDH ( Supplementary Table S4 ). Remarkably, GALT, UGP2 and AGX1/UAP1 exhibit a 63.4 ± 2.3% 63.8 ± 4% 107.9 ± 4.7%
GAL-012-3
Molecules 2020, 25, x FOR PEER REVIEW 5 of 23 structure was illustrated in Figure 2B , was the only one that significantly reduced the enzymatic activity to 63.2% when 25 µM GAL-012 was applied ( Supplementary Table S4 , Table 1 ). Given the inhibitory action of GAL-012 on GALT, we then examined its competitive effects on the substrates of GALT: UDP-Glc and Gal-1P. Analysis of initial velocity changes at varying concentrations (12.5 µM, 25 µM and 50 µM) of GAL-012 were performed. The concentrations of each of the two GALT substrates were held constant: 0.13 mM and 0.35 mM for UDP-Glc and Gal-1P, respectively. As shown in Figure 2C , GAL-012 inhibits GALT enzymatic activity by competitive to UDP-Glc, but not Gal-1P (data not shown), with a Ki around 30 µM. 
Fragment GAL-012 Is a Novel Inhibitor of Multi-UDP-hexose Pyrophosphorylases
The above data raised the possibility that GAL-012 may target other UDP-Glc binding enzymes as well. To assess this possibility, we have prepared four other recombinant enzymes (UGP2, AGX1/UAP1, UGDH, and GALE) that recognize UDP-Glc/UDP-GlcNAc as substrates ( Figure 2D ) and test for their enzymatic activities in the presence and absence of three concentrations (12.5 µM, 25 µM and 50 µM) of fragment GAL-012. As shown in Table 1 and Supplementary Table S4 , GAL-012 exposure resulted in reduced enzymatic activity for both UGP2 (58.46%) and AGX1/UAP1 (56.45%), and further studies on UGP2 inhibition assay revealed that GAL-012 also acted as an UDP-Glc competitive inhibitor for UGP2 (data not shown). Meanwhile, no inhibition was observed on GALE or UGDH ( Supplementary Table S4 ). Remarkably, GALT, UGP2 and AGX1/UAP1 exhibit a 121.2 ± 14.3%
106.1 ± 4% 104 ± 8.9%
GAL-012-4
Fragment GAL-012 Is a Novel Inhibitor of Multi-UDP-hexose Pyrophosphorylases
The above data raised the possibility that GAL-012 may target other UDP-Glc binding enzymes as well. To assess this possibility, we have prepared four other recombinant enzymes (UGP2, AGX1/UAP1, UGDH, and GALE) that recognize UDP-Glc/UDP-GlcNAc as substrates ( Figure 2D ) and test for their enzymatic activities in the presence and absence of three concentrations (12.5 µM, 25 µM and 50 µM) of fragment GAL-012. As shown in Table 1 and Supplementary Table S4 , GAL-012 exposure resulted in reduced enzymatic activity for both UGP2 (58.46%) and AGX1/UAP1 (56.45%), and further studies on UGP2 inhibition assay revealed that GAL-012 also acted as an UDP-Glc competitive inhibitor for UGP2 (data not shown). Meanwhile, no inhibition was observed on GALE or UGDH ( Supplementary Table S4 ). Remarkably, GALT, UGP2 and AGX1/UAP1 exhibit a 125.8 ± 7.9% 103.2 ± 4.5% 107.7 ± 5.3%
Given the inhibitory action of GAL-012 on GALT, we then examined its competitive effects on the substrates of GALT: UDP-Glc and Gal-1P. Analysis of initial velocity changes at varying concentrations (12.5 µM, 25 µM and 50 µM) of GAL-012 were performed. The concentrations of each of the two GALT substrates were held constant: 0.13 mM and 0.35 mM for UDP-Glc and Gal-1P, respectively. As shown in Figure 2C , GAL-012 inhibits GALT enzymatic activity by competitive to UDP-Glc, but not Gal-1P (data not shown), with a K i around 30 µM.
The above data raised the possibility that GAL-012 may target other UDP-Glc binding enzymes as well. To assess this possibility, we have prepared four other recombinant enzymes (UGP2, AGX1/UAP1, UGDH, and GALE) that recognize UDP-Glc/UDP-GlcNAc as substrates ( Figure 2D ) and test for their enzymatic activities in the presence and absence of three concentrations (12.5 µM, 25 µM and 50 µM) of fragment GAL-012. As shown in Table 1 and Supplementary Table S4 , GAL-012 exposure resulted in reduced enzymatic activity for both UGP2 (58.46%) and AGX1/UAP1 (56.45%), and further studies on UGP2 inhibition assay revealed that GAL-012 also acted as an UDP-Glc competitive inhibitor for UGP2 (data not shown). Meanwhile, no inhibition was observed on GALE or UGDH ( Supplementary  Table S4 ). Remarkably, GALT, UGP2 and AGX1/UAP1 exhibit a pyrophosphorylase action against UDP-hexoses while the other two other enzymes (GALE and UGDH do not ( Figure 2E ).
Predicted Molecular Interactions between GAL-012 and the Respective UDP-hexose Pyrophosphorylases
To further explore binding of GAL012 to the three human UDP-hexose pyrophosphorylases (GALT, UGP2 and AGX1/UAP1), we performed docking experiments of the fragment to the respective virtual proteins structure with Glide (Schrödinger, LLC, New York, NY, USA). Potential interaction of GAL-012 within the substrate-binding domain of each enzyme was analyzed and shown in Figure 3 . For GALT, we found that Trp190 and Ser192, which may be the important amino acids for substrate binding, were revealed as a predicting interaction site for hydrogen bonding with the pyrimidine amine. Gly116 and Lys127 are the two sites for the same binding of GAL-012 to UGP2. For AGX1/UAP1, Asn327 and Lys407 were considered important for hydrogen bonding, which could recognize N-acetyl arm of the GlcNAc and GalNAc, and the output of Glide showed that both residues were binding sites for GAL-012.
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To further explore binding of GAL012 to the three human UDP-hexose pyrophosphorylases (GALT, UGP2 and AGX1/UAP1), we performed docking experiments of the fragment to the respective virtual proteins structure with Glide (Schrödinger, LLC, New York, NY, USA). Potential interaction of GAL-012 within the substrate-binding domain of each enzyme was analyzed and shown in Figure 3 . For GALT, we found that Trp190 and Ser192, which may be the important amino acids for substrate binding, were revealed as a predicting interaction site for hydrogen bonding with the pyrimidine amine. Gly116 and Lys127 are the two sites for the same binding of GAL-012 to UGP2. For AGX1/UAP1, Asn327 and Lys407 were considered important for hydrogen bonding, which could recognize N-acetyl arm of the GlcNAc and GalNAc, and the output of Glide showed that both residues were binding sites for GAL-012. The docking experiments were performed as described previously using Glide (Schrödinger, LLC) [22] . The X-ray crystal structures of human GALT (PDB ID: 5IN3), UGP2 (PDB ID: 4R7P) and AGX1/UAP1 (PDB ID: 1JVD) was used.
Effects of UGP2 and AGX1/UAP1 Gene Knockdown in Cultured Cancer Cells
Previously, we demonstrated the GALT gene knockdown in HepG2 cells led to growth inhibition [13] . To assess whether the two other UDP-hexose pyrophosphorylases which GAL-012 recognizes can potentially offer additional advantages in controlling cancer cell growth, we must validate the other two targets. To do so, we employed commercially-validated UGP2 and AGX1/UAP1 siRNAs to knockdown the respective genes in PC3 cells. In Figure 4A , we showed when we administered the respective siRNA individually, we accomplished 89%, 95% and 84% reduction of the mRNA levels of GALT, UGP2, AGX1/UAP1, respectively. When we added the three siRNA's together, we saw 85%, 96% and 90% reduction, respectively. The administering of the siRNA's also led to significant growth retardation of the PC3 cells ( Figure 4B ). Interestingly, GALT siRNA was the most effective among the three siRNA's despite the fact that the reduction of GALT mRNA level was not the greatest ( Figure  4A ). The docking experiments were performed as described previously using Glide (Schrödinger, LLC) [22] . The X-ray crystal structures of human GALT (PDB ID: 5IN3), UGP2 (PDB ID: 4R7P) and AGX1/UAP1 (PDB ID: 1JVD) was used.
Previously, we demonstrated the GALT gene knockdown in HepG2 cells led to growth inhibition [13] . To assess whether the two other UDP-hexose pyrophosphorylases which GAL-012 recognizes can potentially offer additional advantages in controlling cancer cell growth, we must validate the other two targets. To do so, we employed commercially-validated UGP2 and AGX1/UAP1 siRNAs to knockdown the respective genes in PC3 cells. In Figure 4A , we showed when we administered the respective siRNA individually, we accomplished 89%, 95% and 84% reduction of the mRNA levels of GALT, UGP2, AGX1/UAP1, respectively. When we added the three siRNA's together, we saw 85%, 96% and 90% reduction, respectively. The administering of the siRNA's also led to significant growth retardation of the PC3 cells ( Figure 4B ). Interestingly, GALT siRNA was the most effective among the three siRNA's despite the fact that the reduction of GALT mRNA level was not the greatest ( Figure 4A ). The docking experiments were performed as described previously using Glide (Schrödinger, LLC) [22] . The X-ray crystal structures of human GALT (PDB ID: 5IN3), UGP2 (PDB ID: 4R7P) and AGX1/UAP1 (PDB ID: 1JVD) was used.
Previously, we demonstrated the GALT gene knockdown in HepG2 cells led to growth inhibition [13] . To assess whether the two other UDP-hexose pyrophosphorylases which GAL-012 recognizes can potentially offer additional advantages in controlling cancer cell growth, we must validate the other two targets. To do so, we employed commercially-validated UGP2 and AGX1/UAP1 siRNAs to knockdown the respective genes in PC3 cells. In Figure 4A , we showed when we administered the respective siRNA individually, we accomplished 89%, 95% and 84% reduction of the mRNA levels of GALT, UGP2, AGX1/UAP1, respectively. When we added the three siRNA's together, we saw 85%, 96% and 90% reduction, respectively. The administering of the siRNA's also led to significant growth retardation of the PC3 cells ( Figure 4B ). Interestingly, GALT siRNA was the most effective among the three siRNA's despite the fact that the reduction of GALT mRNA level was not the greatest ( Figure  4A ). 
GAL-012 Derivative GAL-012-2 Inhibits GALT and UGP2
Towards a better understanding of the structural-activity relationships of GAL-012, we purchased four analogues from the commercial vendor, Otava Chemicals Ltd. (www.otavachemicals.com). As shown in Table 1 , four analogues of GAL-012 were tested the inhibitory activity against GALT, UGP2 and AGX1/UAP1. One analogue, GAL-012-2 was identified to inhibit the activity of GALT and UGP2, but not AGX1/UAP1, and other analogues did not show any activity. Based on the structure difference, we can conclude that all the compounds comprise the same gem-dimethyl and N-methyl-substituted indolinone structure on the left side, and the difference on the right side determines the activity. GAL-012-2 used a 4-amino 3,4-unsaturated ketone to replace the pyrimidine amine of GAL-012 by maintaining a similar distance and relative position of the pyrimidyl amine to indolinone and demonstrated the similar inhibitory activity to GALT and UGP2, but not AGX1/UAP1. It seems that the pyrimidine ring is important for binding to AGX1/UAP1. However, GAL-012-1 with a thiazole ring replacing pyrimidine lost activity, suggesting the distance and relative position of the amine is important. GAL-012-3 and GAL-012-4 do not possess amine and maintain the distance of the right side of compound and they did not show any activity.
Docking Study of GAL-012-2 to GALT, UGP2 and AGX1/UAP1
Similarly, GAL-012-2 demonstrated to adapt the same binding pockets as GAL-012 for binding to GALT and UGP2 ( Figure 5A -C). However, GAL-012-2 was not able to bind to Lys407 of AGX1 without the nitrogen of pyrimidine. Therefore, the molecule has to turn over and use the dimethylamine for the interaction with Lys407 although the whole molecule can still fit into the binding pocket. The dissimilar docking result of GAL-012-2 and GAL-012 for binding to AGX1 may explain the inefficiency of GAL-012-2 in the enzyme inhibitory assay of AGX1/UAP1.
Preliminary SAR of GAL-012 Series of Compounds
Based on the docking models and examination results of four GAL-012 analogues, we can summarize and conclude a plausible SAR ( Figure 5D ): On the left side, indolinone ring seems essential for fitting into the binding pocket of proteins; the oxygen of amide is important for hydrogen bonding; the gem-dimethyl group and N-methyl group may be modified for better pocket fitting. On the right side, the pryrimidine amine is necessary as a hydrogen bond acceptor, and the distance and 
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Similarly, GAL-012-2 demonstrated to adapt the same binding pockets as GAL-012 for binding to GALT and UGP2 ( Figure 5A-C) . However, GAL-012-2 was not able to bind to Lys407 of AGX1 without the nitrogen of pyrimidine. Therefore, the molecule has to turn over and use the dimethylamine for the interaction with Lys407 although the whole molecule can still fit into the binding pocket. The dissimilar docking result of GAL-012-2 and GAL-012 for binding to AGX1 may explain the inefficiency of GAL-012-2 in the enzyme inhibitory assay of AGX1/UAP1. relative position from the amine to the indolinone is important; the pyrimidine ring is not essential for binding to GALT and UGP2, but affects the affinity to AGX1/UAP1. 
Fragment GAL-012 Dose Dependently Inhibits PC3 Cell Growth
Our biochemical data above that showed fragment GAL-012 can inhibit multiple UDP-hexose pyrophosphorylases in vitro ( Figure 2D and Supplementary Table S4 ), and we have genetically validated all three enzymes as potential targets for controlling growth of cultured cancer cells ( Figure  4 ). 
Preliminary SAR of GAL-012 Series of Compounds
Based on the docking models and examination results of four GAL-012 analogues, we can summarize and conclude a plausible SAR ( Figure 5D ): On the left side, indolinone ring seems essential for fitting into the binding pocket of proteins; the oxygen of amide is important for hydrogen bonding; the gem-dimethyl group and N-methyl group may be modified for better pocket fitting. On the right side, the pryrimidine amine is necessary as a hydrogen bond acceptor, and the distance and relative position from the amine to the indolinone is important; the pyrimidine ring is not essential for binding to GALT and UGP2, but affects the affinity to AGX1/UAP1.
Fragment GAL-012 Dose Dependently Inhibits PC3 Cell Growth
Our biochemical data above that showed fragment GAL-012 can inhibit multiple UDP-hexose pyrophosphorylases in vitro ( Figure 2D and Supplementary Table S4 ), and we have genetically validated all three enzymes as potential targets for controlling growth of cultured cancer cells (Figure 4) .
We proceeded to further characterize GAL-012 in cell-based assays. First, we examined the effects of the fragment on the growth of cultured PC3 cells ( Figure 6 ) and cell numbers were determined after treatment with increasing doses of GAL-012 for 4 days. In Figure 6B , we revealed that GAL-012 inhibited the proliferation of PC3 cells in a dose-dependent manner. The significant inhibitory effect of GAL-012 on PC3 cells was first appeared at 25 µM by lowering the cell count to 70.1% of untreated, while at 100 µM the cell count was lowered to 53%, suggesting an EC 50 of 100 µM for GAL-012 on PC3 cells. Inhibition of growth by GAL-012 was also seen in HepG2 cells with an EC 50 of 75 µM (Figure 7 ).
Our biochemical data above that showed fragment GAL-012 can inhibit multiple UDP-hexose pyrophosphorylases in vitro ( Figure 2D and Supplementary Table S4 ), and we have genetically validated all three enzymes as potential targets for controlling growth of cultured cancer cells ( Figure  4 ). We proceeded to further characterize GAL-012 in cell-based assays. First, we examined the effects of the fragment on the growth of cultured PC3 cells ( Figure 6 ) and cell numbers were determined after treatment with increasing doses of GAL-012 for 4 days. In Figure 6B , we revealed that GAL-012 inhibited the proliferation of PC3 cells in a dose-dependent manner. The significant inhibitory effect of GAL-012 on PC3 cells was first appeared at 25 µM by lowering the cell count to 70.1% of untreated, while at 100 µM the cell count was lowered to 53%, suggesting an EC50 of 100 µM for GAL-012 on PC3 cells. Inhibition of growth by GAL-012 was also seen in HepG2 cells with an EC50 of 75 µM (Figure 7 ). 
GAL-012 Increased Sensitivity to Tunicamycin in PC3 Cells
Itkonen and coworkers reported that AGX1/UAP1 is over-expressed in prostate cancer cell lines, including PC3, and the over-expression is protective against inhibitors of N-linked glycosylation like tunicamycin (TM) [19] . In their study, the authors showed that siRNA targeting AGX1/UAP1 gene led to increased sensitivity to tunicamycin treatment in cultured prostate cancer cells [19] . This supported our hypothesis that enzymes such as UDP-hexose pyrophosphorylases required for the biosynthesis of UDP-hexoses-the building blocks of glycans, are potential anti-cancer targets because of the higher levels of aberrant of glycosylation in cancer cells. Since GAL-012 is a multi-UDP-hexose pyrophosphorylases inhibitor, we sought if it renders PC3 cells more sensitive to tunicamycin. Figure 6B showed the synergistic relationship between GAL-012 and 0.25 µg/mL tunicamycin, a concentration that is widely used to block N-linked glycosylation in cultured cells [23, 24] .
We further explored the synergistic relationship between GAL-012 and tunicamycin at the molecular levels by examining two key players of the PI3K/AKT pro-survival/growth signaling pathway in the treated PC3 cells. We focused on the PI3K/AKT signaling pathway because it was frequently up-regulated in cancer cells, including prostate cancer cells [25, 26] . Figure 6C either GAL-012 and tunicamycin treatment alone significantly reduced the level of pAKT (Thr308) and to some extent, pAKT (Ser473) (Lanes 3-5, Figure 6C ). When both GAL-012 and tunicamycin were applied, we saw further decrease in pAKT (Ser473) (Lane 6, Figure 6C ). The results were further supported by siRNA validation studies ( Figure 6D ).
GAL-012 Increased Sensitivity to Bortezomib (BTZ) in HepG2 Cells
The synergistic relationship between tunicamycin and GAL-012 revealed above is not only novel, but also offers support to our proposed targeting of glycosylation in cancer cells. However, tunicamycin is not an FDA-approved anti-cancer therapeutic. To determine if GAL-012 synergizes any known anti-cancer drug, we investigated if GAL-012 could enhance the sensitivity of HepG2 cells to Bortezomib (BTZ), the first therapeutic proteasome inhibitor used in human patients [27, 28] . The dose of BTZ was determined by treating HepG2 cells with various concentrations of BTZ (0-50 nM) for 96 h, and 6.25 nM was selected for a drug resistant effect. As shown in Figure 7 , the combination of GAL-012 and 6.25 nM BTZ led to a greater inhibition on HepG2 cell growth than with either agent alone. Treatment of cells with 6.25 nM BTZ for 4 days did not significantly reduce the cell survival (p > 0.05 vs. control) while the addition of 25 µM GAL-012 caused a 35% reduction in the cell number (p < 0.05 vs. control).
Discussion
Despite on-going advances in cancer research, cancer-related mortality and morbidity continue to pose serious threats to human health and well-being. For instance, hepatocellular carcinoma (HCC) is one of the most prevalent cancers and the third leading cause of cancer-related deaths worldwide [29] [30] [31] . Although many therapeutic strategies, such as surgical resection, liver transplantation, and radiofrequency ablation, have been employed, its prognosis remains unfavorable [32, 33] . With regards to cancers that have relatively better prognosis, current treatments often render significant side-effects. For example, treatment of prostate cancers-one of the most common and more "curable" cancers if diagnosed early enough, frequently result in sexual, bowel, and urinary dysfunctions [34] [35] [36] . Hence, better treatment options are urgently needed for all cancers.
Metabolic reprogramming contributes to tumor development, metastasis and drug resistance. Therefore, others and we have proposed to exploit the metabolic liabilities to treat cancers [13, [37] [38] [39] [40] [41] [42] .
In prior studies where we focused on aberrant glycosylation in cancer cells, we demonstrated that disruption of the galactose metabolism pathway by siRNAs against GALT inhibited the growth of HepG2 cells in culture and proposed that GALT is a novel therapeutic target for HCC [13] . Those preliminary studies suggested small molecular inhibitors target GALT could be a start for effective anti-cancer drugs development. The discovery of hits by high-throughput screening (HTS) is costly and time-consuming and demands large for labor. On the other hand, virtual screening requires less time and investment has been widely used for facilitating drug discovery [43] . Besides, structure-based drug design (SBDD) techniques are known to be powerful approaches to identify and optimize hit compounds as drug candidates [44] . Here we carried out a structure-based virtual screening campaign and kinetic assays to identify a novel chemical fragment, GAL-012 (Figure 2) , that not only inhibits GALT, but also targets other two UDP-hexose pyrophosphorylases, UGP2 and AGX1/UAP1 ( Supplementary Table S4 , Figure 3 and Table 1 ). To the best of our knowledge, GALT, UGP2 and AGX1/UAP1 are the only known human UDP-hexose pyrophosphorylases. While GAL-012 functions as a chemical probe to understand that structural biology of human UDP-hexose pyro-phosphorylases, our results suggested that it can be treated as an early generation, therapeutic multi-UDP-hexose pyrophosphorylases inhibitor. In order to argue that ability of GAL-012 to inhibit multi-enzymes offer additional advantages towards the targeting of a single enzyme, we must show that the enzymes involved are valid therapeutic targets, as well as the fact that multi-target approach is sound.
Indeed, both UGP2 and AGX1/UAP1 have been shown to play a role in cancer growth. A recent proteomics study showed that the UGP2 expression levels were significantly higher in some malignant tumors or malignant cells than in normal tissue or cells [45] . UGP2 overexpression has also been demonstrated to promote cell migration and invasion, as well as enhanced glycogenesis in vitro, which provides UGP2 as a valuable target in cancer treatment [46, 47] . As for AGX1/UAP1, it has been proposed to be a therapeutic target for other diseases such as diabetes and prostate cancers [19, 20] . To be rigorous, we genetically validated both targets in prostate cancer cell line PC3 in this study (Figure 4) .
As for multi-target approaches (also known as polypharmacology), it is gaining attention in the field of drug discovery, especially for complex diseases like cancers because of significant advantages [48] [49] [50] [51] [52] [53] [54] . To begin with, if we can address multiple targets with just one drug, we will have less issues with pharmacokinetics and/or drug resistance. In our case, our proposed targeting GALT, UGP2, and AGX1/UAP1, which are key enzymes in involved with the production of glycoproteins/glycolipids is also unique because it is the first time that targets implicated in glycan biosynthesis have been chosen for multi-targeting approach for any disease. Moreover, since all three targets operate on similar metabolic pathways that are closely linked to each other (Figure 1 ), GAL-012 can potentially offer additional synergistic effects [55] . Although we did not perform any extensive off-target analysis in this study, we believe GAL-012 offers sufficiently good selectivity for the three targets since it shows no inhibition against the other two enzymes that use UDP-glucose as substrate-GALE and UGDH ( Supplementary Table S4 ).
Still, we investigated whether co-treatment with GAL-012 with other known drugs-an experimental drug (tunicamycin) and an FDA-approved anticancer drug [Bortezomib (BTZ)], will lead to increased killing of the cultured cancer cells. As shown in Figures 6 and 7 , we saw synergistic effects of GAL-012 with tunicamycin and BTZ for PC3 and HepG2 cells, respectively. Even though these results are preliminary in nature, it suggested that GAL-012 (or its more potent, drug-like derivatives) could be used in combination with other anti-cancer drugs.
In this study, we did not measure changes in UDP-hexoses or glycosylation in cancer cells treated by GAL-012. This is because such changes are well-documented in clinical studies of patients with GALT-deficiency classic galactosemia. Indeed, classic galactosemia is known as a secondary congenital disorder of glycosylation (CDG) because of glycosylation defects detected in patient cells [15, [56] [57] [58] [59] [60] [61] [62] , which were attributed to decreased UDP-hexose contents [63] [64] [65] [66] . Similarly, Itkonen and coworkers showed that siRNA targeting AGX1/UAP1 gene in PC3 cells led to increased sensitivity to tunicamycin treatment in cultured prostate cancer cells, as well as over 60% decrease in UGP-GlcNAc and UDP-GalNAc [19] . Therefore, there is already ample of evidence in literature that targeting UDP-hexose pyrophosphorylases will alter cellular UDP-hexose contents and glycosylation, which are critical for cancer cell survival.
Although the potency of GAL-012 remains to be optimized, one must evaluate the current data in the context of the fact that it is an unmodified hit fragment from our virtual screening, and one of its derivatives also showed activity against GALT and UGP2, demonstrating the potential of structural modification. The structure of hit compound GAL-012 is also an appropriate starting point for lead optimization. The indolinone moiety in GAL-012 is very common in bioactive compounds [67] , and pyrimidine is the basic component in nucleosides. Because of its relatively small size, there are ample of opportunities to optimize this fragment based on high-precision docking experiments similar to the ones we performed in Figure 3 or X-ray co-crystallography studies in the future.
Methods
In Silico Fragment-Based Screening for GALT Inhibitors
The X-ray crystal structure of GALT (PDB ID: 5IN3) [21] was retrieved from Protein Data Bank (https://www.rcsb.org). A 0.5 million diverse set of fragments from 39 vendors along with 3000 University of Utah Center for Investigational Therapeutics (CIT) in-house collection were chosen for computational screening using ICM Suite (Molsoft, San Diego, CA, USA). The fragment library enumeration associated rule of 3 (RO3) [68] criteria with a molecular weight cut off of >150 to <300 was submitted for virtual ligand functionality screening against the crystal structure of GALT target. 15 fragment hits from both libraries were selected based on consensus scores and binding energies, which led to the identification of promising low micro molar fragments as GALT inhibitor scaffolds that are within the RO3 chemical space suitable for further optimization. The plasmids used for overexpression of human GALT and UGP2 were previously prepared in our laboratory. [69, 70] The cDNA sequences of human AGX1/UAP1, GALE and UGDH and were retrieved from NCBI Genbank. The reference sequences are NM_001324116.1 for AGX1/UAP1, NM_000403.3 for GALE and NM_003359.4 for UGDH, respectively. In order to clone the full-length gene encoding AGX1/UAP1, GALE and UGDH, RT-polymerase chain reaction (PCR) was performed on RNA extracted from HepG2 cells using specific oligonucleotides ( Supplementary Table S1 ). A single full-length PCR product for each gene was obtained. The PCR fragment was purified from the agarose gel and double digested with BamHI and XhoI restriction enzymes. The digested product was ligated with pET30A(+) cloning vector at 16 • C overnight. The ligated product was transformed into DH5α competent cells. The positive clones were confirmed by colony PCR and Sanger sequencing. A single open reading frame for each gene was isolated. No variation in the coding sequence was found from the sequence described on NCBI Genbank.
Over-Expression, Affinity Purification, and Quantification of Recombinant GALT, GALE, UGDH, UGP2, and AGX1/UAP1 Enzymes
All expression plasmids containing the designed insert was transformed respectively into Escherichia coli (E. coli) HMS174 (DE3) cells (Novagen, Gibbstown, NJ, USA). Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added at a final concentration of 0.1 mM to the bacterial cell culture in LB kanamycin upon reaching OD 600 = 0.6 at 37 • C to induce overexpression for 22 h at 22 • C.
Purification for each recombinant protein was conducted at 22 • C. Briefly, cell pellets were resuspended in lysis buffer (50 mM NaH 2 PO4, 300 mM NaCl, 10 mM imidazole, pH 8). Cells were then lysed using a cell disruptor (model, 749540-0000, Kimble Chase, Rockwood, TN, USA) for 10 min at 4 • C and clarified by centrifugation, and the lysate was loaded onto a chromatography column containing Nickel affinity resin (Ni-NTA) (Qiagen, Valencia, CA, USA). The resin was washed, and bound recombinant protein was eluted using an imidazole concentration gradient. Final purified enzyme was concentrated to 1 mg/mL, dialyzed into phosphate-buffered saline (PBS, company, Genesee Scientific, San Diego, CA, USA), aliquoted, and stored frozen at −80 • C. Procedures of enzymatic assays for purified recombinant GALT, UGP2 and AGX1/UAP1 were described in our previous publications [63, 70] .
Enzyme Activity
GALE Enzyme Activity Measurements
Human GALE enzyme activity was calculated from the conversion of UDP-Gal to UDP-Glc. Briefly, a reaction mixture consisting of 100 mM glycine buffer (pH 8.8), 0.2 mM UDP-Gal, 30 mM NAD + and 0.025 U UDP-glucose dehydrogenase was freshly prepared before the assay. The formation of NADH was quantified by monitoring change in absorbance of the reaction mixture at 340 nm for 15 min using a BioTek plate reader (BioTek, Winooski, VT, USA). The relationship between increase in NADH production and UDP-Glc released was quantified using the Beer-Lambert equation.
UGDH Enzymatic Activity Measurements
UGDH activity was measured in a mixture of 100 mM glycine buffer (pH 8.7), 0.2 mM UDP-Glc and 1 mM β-NAD at 22 • C. One unit of enzyme was defined as the amount of enzyme required to reduce 2 µmol of NAD + /min at pH 8.7 at 22 • C.
Inhibition Kinetics of Fragment GAL-012 and Derivatives
To determine if GAL-012 or its derivatives inhibits recombinant GALT and other selected UDP-hexose binding enzymes, GAL-012 was used as an example. The fragment was incubated, at various concentrations, for 5 min with the respective enzyme before the initiation of the corresponding enzymatic reaction. Same concentration of DMSO used as controls.
To determine if fragment GAL-012 is competitive for UDP-glucose in the GALT reaction, varying concentrations of UDP-glucose are present in the GALT reactions in the presence of a fixed quantity of GAL-012. The initial velocity of the reaction was measured by monitoring the change of absorbance at 340 nm, and was plotted against the substrate concentration. Curve-fitting was accomplished using the equation V = V max S/(K M + S) by Sigma Plot 10.0 (Systat Software Inc., San Jose, CA, USA, 2019), and the V max and K M were calculated from the above-stated equation. K i values were calculated from equations, as described elsewhere [63] .
Molecular Docking Experiments of GAL-012 and GAL-012-2 to GALT, UGP2 and AGX1/UAP1
In order to study the binding mode of GAL-012 and GAL-012-2 to the human GALT, UGP2 and AGX1/UAP1, ligand-protein docking studies were performed as previously using Glide (Schrödinger, LLC) [22] . The X-ray crystal structures of human GALT (PDB ID: 5IN3), UGP2 (PDB ID: 4R7P) [71] and AGX1/UAP1 (PDB ID: 1JVD) [72] were retrieved from PDB, and each protein was prepared by Schrödinger 2015. Grids generation was set up on proteins and saved as job ZIP format. 2D structure of GAL-012 was built using ChemDraw program (ChemDraw Ultra 10.0, CambridgeSoft, Cambridge, MA, USA, 2019), and then converted to SDF file format. The ligand was prepared with Schrödinger 2015, without tautomers and stereoisomers. For molecular docking, precision was defined as SP standard. All figures with structure representations were produced using PyMol and Maestro (Schrödinger, LLC).
Cell-Based Studies of siRNA-Treated Culture Cells
siRNA Transfection
The siRNAs for GALT, UGP2 and AGX1, respectively were synthesized from Invitrogen and were transfected into cultured cells using Lipofectamine RNAiMAX Reagent (Invitrogen, Carlsbad, CA, USA) at 10 nM according to the manufacturer's protocol on the same day. Nucleotide sequence of the siRNAs are shown in Supplementary Table S2 .
RNA Isolation and Reverse Transcription Polymerase Chain Reaction (RT-PCR)
PC3 cells were seeded and transfected with the respective siRNAs at a density of 2 × 10 4 cells/well onto a 24-well culture plate. After 72 h, cells were collected and total RNA was extracted by using Quick-RNA Microprep Kit (ZYMO, Irvine, CA, USA). For assay of gene expression, RNA was reverse-transcribed by using the high capacity cDNA reverse transcription kits (Applied Biosystems, Foster City, CA, USA). Quantitative PCR was performed with PowerUp™ SYBR™ Green Master Mix (Applied Biosystems) on ABI 7500 Fast Real-Time PCR system. The primers used were listed in Supplementary Table S3 . Relative mRNA levels were normalized to GAPDH and calculated with the comparative CT Method (∆∆CT Method). All transfections were performed in triplicates and for each biological replicate at least four technical replicates of the qPCR assay were performed.
Cell Viability Assay
Cell viability was evaluated by using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) assay. In brief, cells were seeded and transfected with siRNA at a density of 4 × 10 3 cells/well in 24-well plates and incubated for 0, 3 days and 6 days. For 6 days' incubation, a second transfection was carried out at 72 h. At each time point, MTT (50 µL, final concentration is 0.5 µg/mL) was added into each well and incubated for 4 h at 37 • C. Then 500 µL SDS-HCl solution (10% SDS in 0.1 M HCl) was added and incubated for another 4 h at 37 • C. Sample was mixed and absorbance was obtained at 570 nm. All transfections were performed in triplicates. Cells without transfection at day 6 were used as control with 100% viability.
PI3K/AKT Signaling Pathway in siRNA-Treated Cultured Cells
Assessment of PI3K/AKT signaling in siRNA-treated cultured cells were evaluated by Western Blot analysis. PC3 cells were seeded and transfected with siRNA at a density of 8 × 10 4 cells/well in 6-well plates and a second transfection was carried out at 72 h later. Cells were collected at day 4 in RIPA buffer containing 50 mM Tris-HCl, 150 mM NaCl, 0.5% deoxycholate (DOC), 1% NP-40, 0.1% SDS, with protease and phosphatase inhibitors. After centrifugation at 13,000× g for 10 min, samples containing 40 µg of protein were resolved by SDS-PAGE and proteins were transferred to nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA, USA), blocked in 5% non-fat dried milk, and incubated with the primary antibodies for pAKT (Thr308) (Cell Signaling), pAKT (Ser473) (Cell Signaling), and GAPDH (Cell Signaling, Danvers, MA, USA), respectively overnight at 4 • C. The blots were washed with wash buffer and secondary antibody (Cell Signaling) were applied for 1 h at 22 • C. Then the blots were developed with an ECL system (GeneTex, Irvine, CA, USA) and scanned with iBright image system (Thermo Fisher Scientific, Waltham, MA, USA). Analysis was performed on iBright Analysis Software (Thermo Fisher Scientific, Waltham, MA, USA).
Cell-Based Characterization of GAL-012-Treated Cultured Cells
PC3 cells were maintained in 24-well plates in F-12K medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco BRL, Thermo Fisher Scientific, Waltham, MA, USA).
Gross Examination of Growth Inhibition
GAL-012 were incubated with PC3 at concentration of 12.5 µM, 25 µM, 50 µM, 100 µM and 200 µM. Same concentration of solvent DMSO were incubated as vehicle controls. After 4 days treatment, the cells were then trypsinized from the respective wells and counted with a hemocytometer for growth assessment. All experiments at each concentration of GAL-012 had three replicates and were repeated three times. 4.8.2. PI3K/AKT Signaling Pathway in GAL-012-Treated Cultured Cells PI3K/AKT Signaling upon GAL-012 treatment in PC3 cells were evaluated by Western Blot analysis. PC3 cells were treated in the presence and absence of 75 µM GAL-012 and the same concentration of solvent DMSO were incubated as vehicle controls. After 4 days treatment, the cells were collected and the procedure of Western blot were conducted as described as above. Analysis was performed on iBright Analysis Software (Thermo Fisher Scientific).
Combined GAL-012 and Tunicamycin Treatment of PC3 Cells
Tunicamycin (TM, Cayman Chemicals, Ann Arbor, MI, USA) was dissolved in deionized water and stored at −20 • C, and then thawed and diluted in media for cell culture experiments before use. PC3 cells were maintained in 24 well plates in F-12K medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco BRL). GAL-012 was incubated with PC3 at concentration of 12.5 µM, 25 µM, 50 µM and 100 µM with 0.25 µg/mL TM. After 4 days treatment, the cells were then trypsinized from the respective wells and counted with a hemocytometer for toxicity assessment. All experiments at each concentration of GAL-012 had three replicates and were repeated three times.
Combined GAL-012 and Bortezomib (BTZ) Treatment HepG2 Cells
Bortezomib (Millennium, Cambridge, MA, USA) was dissolved in deionized water and stored at −20 • C, and then thawed and diluted in media for cell-culture experiments before use. HepG2 cells were maintained in 24-well plates in DMEM medium supplemented with 10% FBS, 100 U/mL penicillin, and 100µg/mL streptomycin (Gibco BRL). GAL-012 was incubated with HepG2 at concentrations of 12.5 µM, 25 µM, 50 µM and 100 µM, respectively in the presence of 6.25 nM BTZ. Same concentration of solvent DMSO were incubated as vehicle control. Four days after, the cells were then trypsinized from the respective wells and counted with a hemocytometer for toxicity assessment. All experiments at each concentration of GAL-012 had three replicates and were repeated three times.
Statistical Analysis
Data were presented as mean ± SEM and analyzed using the two-sided unpaired Student's t test. A p value of <0.05 was considered as statistically significant.
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